Abstract: Skin cancer is currently diagnosed as one in every three cancers. Melanoma, the most aggressive form of skin cancer, is responsible for 79% of skin cancer deaths and the incidence is rising faster than in any other solid tumor type. Previously, we have demonstrated that dimethylacrylshikonin (DMAS), isolated from the roots of Onosma paniculata (Boraginaceae), exhibited the lowest IC 50 values against different tumor types out of several isolated shikonin derivatives. DMAS was especially cytotoxic towards melanoma cells and led to apoptosis and cell cycle arrest. In this study, we performed a comprehensive gene expression study to investigate the mechanism of action in more detail. Gene expression signature was compared to vehicle-treated WM164 control cells after 24 h of DMAS treatment; where 1192 distinct mRNAs could be identified as expressed in all replicates and 89 were at least 2-fold differentially expressed. DMAS favored catabolic processes and led in particular to p62 increase which is involved in cell growth, survival, and autophagy. More in-depth experiments revealed that DMAS led to autophagy, ROS generation, and loss of mitochondrial membrane potential in different melanoma cells. It has been reported that the induction of an autophagic cell death represents a highly effective approach in melanoma therapy.
Introduction
According to the WHO [1], the incidence of skin cancers has been increasing over the past decades. Globally, 2-3 million new cases of non-melanoma (basal cell carcinoma and squamous cell carcinoma) and 132,000 malignant melanoma skin cancers occur each year, which corresponds to one third of all diagnosed cancers. Basal cell carcinoma is slowly growing and unlikely to spread to distant areas. Squamous carcinoma is able to metastasize [2] . Melanoma, the most aggressive form of skin cancer originates from melanocytes and accounts for only 4% of all skin cancers. However, it is responsible for 79% of all skin cancer deaths. The incidence of malignant melanoma is rising faster than in any other solid tumor type [3] , and overall, it is responsible for about 2% of all cancer deaths in the United States [4] . Moreover, it is estimated that a 10% decrease in ozone levels will result in 4500 additional melanoma cases. At a very early stage (Tis), the survival rate is almost 100%. Even in superficial melanomas below 1 mm tumor depth (T1), the prognosis remains at over 90% of survival [5] . However, at an advanced stage, the vertical growth phase, or depth of more than 1 mm, survival rates drop dramatically which leaves melanoma as one of the most aggressive and incurable types of solid cancer. One of the central pathways dysregulated in most melanoma is the RAS-RAF-MEK-ERK-MAP kinase pathway. In 66%, a BRAF mutation can be found, typically caused by a single substitution (V600E). Mutated BRAF proteins have an increased kinase activity leading to uncontrolled cell growth, and therefore, cancer development [6] . WM164 melanoma cells were originally isolated from a melanoma metastasis in the right upper arm of a 22-year-old male with stage IV superficial spreading melanoma. This cell line exhibits this typical V600E mutation, and therefore, was chosen for this study [7] .
Natural products always played a crucial role in the discovery of new therapeutics. Today, about 80% of all small-molecule anti-cancer drugs are natural products per se, based thereon or mimicking natural products [8] . In our search for new promising candidates, β-β-dimethylacrylshikonin (DMAS) isolated from the roots of Onosma paniculata Bureau and Franchet. (Boraginaceae) arose as such a molecule. Traditionally, these roots are used for the treatment of measles and other eruptive exanthema, skin infections, eczema, burns, cancer, scalds, and constipation [9] . Related species with the same class of bioactive compounds (shikonin and/or alkannin derivatives) are officially listed in the Chinese, Japanese, and Korean Pharmacopoeia, and for five tumor types in the Tibet-China pharmacopoeia [10, 11] . Shikonin derivatives have been shown to possess a broad pharmacological spectrum, including wound-healing, anti-inflammatory, and anti-cancer activity [12] [13] [14] . In previous studies, we have shown that DMAS was our main and most active isolated compound. It was able to reduce the viability of cancer cells, especially melanoma cell lines, and induced apoptosis and cell cycle arrest [15, 16] . In this study, we used a microarray-based approach to investigate which genes were up-or down-regulated under DMAS treatment in WM164 cells. The most interesting effects were examined in more detail and compared to two other melanoma cell lines.
Results and Discussion

Comparative Gene Expression Analysis Revealed 31 Distinct mRNAs as at Least 2-Fold Significantly Differentially Expressed with Sequestosome 1 (p62) mRNA as Largest Change
Using microarray and in-depth bioinformatics analyses, we comprehensively investigated the gene expression upon a 24 h treatment of DMAS (8.3 µM, which was the prior determined IC 50 value [16] ) in three biological replicates and compared to vehicle-treated (0.5% DMSO) WM164 cells. In total, 3021 distinct mRNAs were identified as expressed in at least 2 of 3 biological replicates, and 1192 distinct mRNAs as expressed in all three replicates. Out of these, 317 distinct mRNAs were identified as 1.5-fold differentially expressed in all three biological replicates, and 135 distinct mRNAs as 1.8-fold differentially expressed (data not shown). However, we focused on genes which were at least 2-fold differentially expressed. In all three biological replicates, 89 distinct mRNAs were identified and tested for significance using the one-sample t-test followed by the Benjamini-Hochberg correction for multiple testing. This resulted in 31 distinct mRNAs (Figure 1 ). The strongest upregulation was found for sequestosome 1 (sqstm1, p62, NM_003900) (24.42 fold upregulated); the strongest downregulation for the h3 histone family member b (h3fb, NM_003530) (18.78 fold downregulated). P62 is rich in protein-interacting sequences and plays an important role in cell growth, survival, and mitosis. It has also been shown to be a regulator and substrate of autophagy, and, as a consequence, is a central regulator of tumorigenesis [17] . The results were validated by real-time semi quantitative PCR (RT-qPCR). The same RNA was used for validation and seven genes were chosen. Except for spermidine synthase (SRM), the changes were again statistically significant. The strongest upregulations were again found for p62, and moreover, Rap1 Guanine-Nucleotide-Exchange Factor Directly Activated by CAMP (EPAC) and proteasome (prosome, macropain) subunit, beta type, 2 (psmb2); the strongest downregulation was for dihydrofolate reductase (DHFR) and neuroblastoma, suppression of tumorigenicity (NBL1) (Figure 2A ). In addition, kinetics for these genes was performed. RNA levels were quantified after 12 h, 24 h, and 48 h. The strongest changes were found after 12 h and 24 h ( Figure 2B ). interacting sequences and plays an important role in cell growth, survival, and mitosis. It has also been shown to be a regulator and substrate of autophagy, and, as a consequence, is a central regulator of tumorigenesis [17] . The results were validated by real-time semi quantitative PCR (RT-qPCR). The same RNA was used for validation and seven genes were chosen. Except for spermidine synthase (SRM), the changes were again statistically significant. The strongest upregulations were again found for p62, and moreover, Rap1 Guanine-Nucleotide-Exchange Factor Directly Activated by CAMP (EPAC) and proteasome (prosome, macropain) subunit, beta type, 2 (psmb2); the strongest downregulation was for dihydrofolate reductase (DHFR) and neuroblastoma, suppression of tumorigenicity (NBL1) (Figure 2A ). In addition, kinetics for these genes was performed. RNA levels were quantified after 12 h, 24 h, and 48 h. The strongest changes were found after 12 h and 24 h ( Figure 2B ). At least twofold significantly differentially expressed gene expression levels (log2 ratios) in WM164 cells after 24 h treatment with dimethylacrylshikonin (DMAS) colored according to the legend at the top and sorted to the degree of up-and down-regulation. In all three biological replicates, 31 distinct mRNAs were identified as significantly differentially expressed as calculated by the one-sample t-test and Benjamini-Hochberg correction. At least twofold significantly differentially expressed gene expression levels (log 2 ratios) in WM164 cells after 24 h treatment with dimethylacrylshikonin (DMAS) colored according to the legend at the top and sorted to the degree of up-and down-regulation. In all three biological replicates, 31 distinct mRNAs were identified as significantly differentially expressed as calculated by the one-sample t-test and Benjamini-Hochberg correction. 
DMAS Favors Catabolic Processes
To identify cellular processes and pathways influenced by DMAS, GO term analysis using the Biological Process domain in level 3 ( Figure 3 ) and pathway analysis (Tables 1 and 2) were performed using ConsensusPathDB [18] . As shown in Figure 3 , 16 biological processes were upregulated by DMAS and seven were downregulated. The strongest upregulation was found for "cellular catabolic process" (GO:0044248) and "organic substance catabolic process" (GO:1901575), both belonging to the biological process "catabolic process" (GO:0009056). This suggests that the cells enhance breakdown of (organic) substances. "Cellular catabolic process" also comprises the process of autophagy in which p62 plays an important role. In addition, the strongest downregulated process was "protein refolding" (GO:0042026), indicating that unfolded or misfolded proteins were no longer restored. Twenty-two pathways were found to be upregulated (Table 1) , and twenty-four were downregulated ( Table 2 ). The strongest upregulation was found for the Nrf2 pathway, which can be explained as a consequence of p62 activation. Activation of p62 leads to sequestration of Keap1 into autophagosomes, which in turn, leads to Nrf2 activation, which is the key signaling molecule within this pathway [19] . In general, the Keap1-Nrf2-ARE pathway plays an important role in defense mechanisms against many types of stress and is involved in the development of inflammatory diseases and cancer [19] . In healthy cells, Nrf2 activation promotes chemopreventive effects. In fully malignant cancer cells, enhanced Nrf2 activity, caused for example by BRAF mutations as found in WM164 cells, increases cancer chemoresistance and tumor growth [20, 21] , and therefore, is oncogenic. This reflects the complex role of this pathway. As a consequence, the question arose if pharmacological compounds which activate this pathway can lead to cancer growth and/or resistance. To date, this question is not clearly answered. Synthetic triterpenoids are already in use for patients with advanced malignancies, well-tolerated, and also known to activate the Nrf2 signaling pathway. For example, it has been shown that RTA 405 did not reduce the sensitivity of cancer cells towards doxorubicin and cisplatin, despite increased Nrf2 activity. Moreover, such compounds even enhanced the cytotoxicity of chemotherapeutics [22] . Similar results were also obtained for bardoxolone methyl in combination with carboplatin and paclitaxel in a mouse lung cancer model [23] . Therefore, there are indications that such a mechanism could even provide an advantage when combined with standard therapeutics to protect normal cells from drug-associated side effects [22, 23] . 
To identify cellular processes and pathways influenced by DMAS, GO term analysis using the Biological Process domain in level 3 ( Figure 3 ) and pathway analysis (Tables 1 and 2 ) were performed using ConsensusPathDB [18] . As shown in Figure 3 , 16 biological processes were upregulated by DMAS and seven were downregulated. The strongest upregulation was found for "cellular catabolic process" (GO:0044248) and "organic substance catabolic process" (GO:1901575), both belonging to the biological process "catabolic process" (GO:0009056). This suggests that the cells enhance breakdown of (organic) substances. "Cellular catabolic process" also comprises the process of autophagy in which p62 plays an important role. In addition, the strongest downregulated process was "protein refolding" (GO:0042026), indicating that unfolded or misfolded proteins were no longer restored. Twenty-two pathways were found to be upregulated (Table 1) , and twenty-four were downregulated ( Table 2 ). The strongest upregulation was found for the Nrf2 pathway, which can be explained as a consequence of p62 activation. Activation of p62 leads to sequestration of Keap1 into autophagosomes, which in turn, leads to Nrf2 activation, which is the key signaling molecule within this pathway [19] . In general, the Keap1-Nrf2-ARE pathway plays an important role in defense mechanisms against many types of stress and is involved in the development of inflammatory diseases and cancer [19] . In healthy cells, Nrf2 activation promotes chemopreventive effects. In fully malignant cancer cells, enhanced Nrf2 activity, caused for example by BRAF mutations as found in WM164 cells, increases cancer chemoresistance and tumor growth [20, 21] , and therefore, is oncogenic. This reflects the complex role of this pathway. As a consequence, the question arose if pharmacological compounds which activate this pathway can lead to cancer growth and/or resistance. To date, this question is not clearly answered. Synthetic triterpenoids are already in use for patients with advanced malignancies, well-tolerated, and also known to activate the Nrf2 signaling pathway. For example, it has been shown that RTA 405 did not reduce the sensitivity of cancer cells towards doxorubicin and cisplatin, despite increased Nrf2 activity. Moreover, such compounds even enhanced the cytotoxicity of chemotherapeutics [22] . Similar results were also obtained for bardoxolone methyl in combination with carboplatin and paclitaxel in a mouse lung cancer model [23] . Therefore, there are indications that such a mechanism could even provide an advantage when combined with standard therapeutics to protect normal cells from drug-associated side effects [22, 23] . 
DMAS Increased the Expression of the Autophagy-Associated Protein LC3B-II
Since the largest change in mRNA expression was found for p62, which is a regulator and substrate of autophagy, we monitored the expression of the autophagy-associated protein LC3BI-II in three different melanoma cells (WM164, WM9, and SBcl2). Each cell line was treated with the IC 50 of DMAS, as determined in previous experiments [16] : WM164: 8.3 µM, WM9: 2.7 µM, and SBcl2: 1.1 µM. We decided to choose these concentrations because they covered a broad concentration range, which made it difficult to treat all cell lines with the same concentration. SBcl2 cells originate from an early state of cancer progression (cutaneous melanoma, radial growth phase) and carry a mutation in NRAS [24] . WM9 cells represent another cell line derived from metastases located at the left axillary node and are also BRAF mutated [25] . When autophagy occurs, the microtubule-associated protein LC3B localizes to isolation membranes leading to the formation of autophagosome membranes. LC3B-I, the cellular form, converts to LC3B-II and the amount of LC3B-II becomes a marker for the formation of autophagosomes. Degradation of LC3B-II can partially be inhibited by adding lysosomal protease inhibitors, such as E64d and pepstatin A, whereas, LC3B-I is not affected [26] . Therefore, we performed the experiments additionally in the presence of these inhibitors. Western blot experiments revealed a significant upregulation of LC3B-II in all three cell lines ( Figure 4) . The densiometric quantification of the relative LC3B protein expression is shown in Figure 4B . Figure 4C shows the time course of the quantitative expression of LC3B-II. As mentioned earlier, BRAF mutations can lead to enhanced Nrf2 activity, and as a consequence, enhanced autophagic flux [20, 21, 27] . When comparing all control cells (WM164, WM9, and SBcl2) in Figure 4A , it can be seen that WM9 and WM164 (both BRAF mutated) show higher levels of basal autophagy than SBcl2 cells. Increased autophagy of these cell lines was also reported previously [28] . This, in turn, is an explanation of why the relative increase of autophagy is stronger in SBcl2 cells than in the other cell lines, with already enhanced basal autophagy ( Figure 4C ). The change in the subcellular distribution of LC3B can also be visualized by immunofluorescence microscopy. The characteristic pattern of LC3B puncta can be observed in autophagic cells stained with anti-LC3B antibody, whereas, untreated control cells revealed only a small amount of LC3B positive cells ( Figure 5 ). The effect of lysosomal protease inhibitors E64d and pepstatin A can also be observed. Inhibition of autophagy prevented LC3B-II degradation, which, subsequently, resulted in LC3B-II accumulation ( Figure 5 , last row). Our results indicated that DMAS leads not only to apoptosis and cell cycle arrest, but also induces autophagy.
Autophagic cell death has been reported to be highly effective in the therapy of melanoma [29] . Moreover, it has been shown that activation of apoptosis and autophagy can result in a synergistic cytotoxicity in melanoma cells [30] .
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DMAS Leads to ROS Generation and Loss of Mitochondrial Membrane Potential
Since autophagy is often regulated by the levels of reactive oxygen levels (ROS) [31, 32] , we investigated whether DMAS led to generation of ROS. Generation of oxidative stress is an important mechanism of cytotoxic drugs. However, in in vitro test systems it has to be remembered that components of the cell culture medium can affect the results. For example, it is known that polyphenols can produce H2O2 in cell culture media independent of cells [33, 34] . Moreover, cells have mechanisms to eliminate ROS which can lead to lower ROS levels in "medium plus cells" wells, compared to "medium only" wells. Sodium pyruvate neutralizes H2O2, and therefore, can reveal if cytotoxicity based on ROS generation is mediated by internal or external ROS production. In addition, catalase converts H2O2 to O2 and H2O and can also be added to eliminate external ROS [35] . Therefore, we measured the 
Since autophagy is often regulated by the levels of reactive oxygen levels (ROS) [31, 32] , we investigated whether DMAS led to generation of ROS. Generation of oxidative stress is an important mechanism of cytotoxic drugs. However, in in vitro test systems it has to be remembered that components of the cell culture medium can affect the results. For example, it is known that polyphenols can produce H 2 O 2 in cell culture media independent of cells [33, 34] . Moreover, cells have mechanisms to eliminate ROS which can lead to lower ROS levels in "medium plus cells" wells, compared to "medium only" wells. Sodium pyruvate neutralizes H 2 O 2 , and therefore, can reveal if cytotoxicity based on ROS generation is mediated by internal or external ROS production. In addition, catalase converts H 2 O 2 to O 2 and H 2 O and can also be added to eliminate external ROS [35] . Therefore, we measured the amount of ROS in different scenarios: "medium alone", "medium plus cells", "medium plus DMAS", and "medium plus cells plus DMAS". Moreover, we used three different preparations for the component "medium": RPMI-1640 medium without pyruvate or catalase, RPMI-1640 medium supplemented with 1 mM pyruvate, and RPMI-1640 medium supplemented with 100 µg/mL (350 U/mL) catalase (in each case, RPMI-1640 medium was additionally supplemented with 2% FBS and 1% Pen/Strep). Cells were treated with their respective IC 50 of DMAS for 4 h. As positive control, we used menadione (Vitamin K3), which is known to induce ROS cell-dependence [35, 36] . The following effects were observed in all three cell lines ( Figure 6 ): Adding cells to the medium reduced the amount of H 2 O 2 . When DMAS was added to the medium, the amount of H 2 O 2 increased indicating that DMAS also led to external ROS generation. In both cases, these effects were also observed in the presence of pyruvate and catalase, but the total ROS amount was less due to the radical scavenging activities of pyruvate and catalase. When combining medium, cells, and DMAS, the amount of H 2 O 2 was increased compared to "medium+cells" indicating that DMAS led also to the generation of intracellular ROS [35] . The same effects were also found for menadione. To exclude the possibility that DMAS exerts its cytotoxicity by extracellular H 2 O 2 production, we performed the CellTiter-Glo ® Assay in the presence and absence of 1 mM pyruvate and compared the effects of DMAS. This assay quantifies the amount of ATP, which is an indicator of metabolically active cells. As shown in Figure 7 , the effects of DMAS did not change in the presence of pyruvate indicating that generation of extracellular ROS, as observed in Figure 6A -C, did not significantly contribute to the cytotoxicity of DMAS (IC 50 values in absence and presence of 1 mM pyruvate: SBcl2: 4.1 ± 0.3 µM and 3.2 ± 0.1 µM; WM9: 6.6 ± 0.3 µM and 6.6 ± 0.2 µM; WM164: 19.2 ± 3.1 µM and 18.1 ± 2.4 µM, respectively). These results were in agreement with a previous study showing that shikonin and DMAS increased ROS levels in colon cancer cells, and as a consequence, sensitized them to ionizing radiation [37] . Finally, we wanted to know if the generation of ROS leads to a loss of the mitochondrial membrane potential, since the mitochondria are a major cellular source of ROS [32, 38] , and if the presence of pyruvate influences that effect. In the case of shikonin, it has been demonstrated that it directly targets mitochondria, generates ROS, and therefore, leads to cell cycle arrest and apoptosis in different types of cancer [39] [40] [41] [42] . Thereby, shikonin was also able to enhance chemotherapeutic sensitivity of the cells [42] . Cell cycle arrest and apoptosis were also observed in our previous study [16] . We treated the cells with the respective IC 50 or double IC 50 for 60 min, and measured the mitochondrial membrane potential every 5 mins for the first 30 min, and in addition, after 60 min in the presence and absence of pyruvate. As shown in Figure 8A -C, a moderate time-and concentration-dependent loss of the mitochondrial membrane potential could be observed. The effect was not diminished by the addition of pyruvate. CCCP (carbonyl cyanide 3-chlorophenylhydrazone), a known mitochondrial membrane potential perturbation agent, was used as positive control ( Figure 8D ). Our findings indicate that ROS generation and loss of the mitochondrial membrane potential were basic reasons for cell cycle arrest, apoptosis, as well as autophagy induction. 
Cytotoxicity of DMAS Against Non-Tumorigenic Cells Depends on Cell Type
Despite promising results, it has to be remembered that DMAS was also cytotoxic towards nontumorigenic cell lines in our previous study [16] . Therefore, we also determined the IC50 values of DMAS against another well-established non-tumorigenic cell line (HEK-293), and two non-tumorigenic primary cell lines (juvenile and adult fibroblasts). We used the XTT viability assay as reported previously [16] to be able to directly compare the values. As shown in Table 3 , the cytotoxicity of DMAS varies depending on cell type. The divergent cellular responses can be explained by the different origin of the cells. For example, in the case of fibroblasts, it has been shown that fibroblasts of different origin exhibit different transcriptional patterns and behavior [43] . Nevertheless, cytotoxicity towards healthy cells is a general problem in cancer therapy and leads to undesirable adverse reactions in patients. One example is doxorubicin, a commonly used chemotherapeutic. It exhibits the same or even higher cytotoxicity against HEK-293 cells than against several tumor cells [44, 45] . To overcome this problem, smart loaded nanoparticles could be a solution. Blood vessels of tumors are leaky, and lymphatic drainage within tumors is poor allowing nanoparticles to accumulate in the tumor and the drug to be released [46] . In the case of shikonin, it has already been reported for gliomas that shikonin-loaded 
Despite promising results, it has to be remembered that DMAS was also cytotoxic towards non -tumorigenic cell lines in our previous study [16] . Therefore, we also determined the IC 50 values of DMAS against another well-established non-tumorigenic cell line (HEK-293), and two non-tumorigenic primary cell lines (juvenile and adult fibroblasts). We used the XTT viability assay as reported previously [16] to be able to directly compare the values. As shown in Table 3 , the cytotoxicity of DMAS varies depending on cell type. The divergent cellular responses can be explained by the different origin of the cells. For example, in the case of fibroblasts, it has been shown that fibroblasts of different origin exhibit different transcriptional patterns and behavior [43] . Nevertheless, cytotoxicity towards healthy cells is a general problem in cancer therapy and leads to undesirable adverse reactions in patients. One example is doxorubicin, a commonly used chemotherapeutic. It exhibits the same or even higher cytotoxicity against HEK-293 cells than against several tumor cells [44, 45] . To overcome this problem, smart loaded nanoparticles could be a solution. Blood vessels of tumors are leaky, and lymphatic drainage within tumors is poor allowing nanoparticles to accumulate in the tumor and the drug to be released [46] . In the case of shikonin, it has already been reported for gliomas that shikonin-loaded nanoparticles improved the anti-tumor effects in vitro. Moreover, these particles accumulated in the brain of rats [47] . In addition, self-assembled nanomicelles of clotrimazole improved drug delivery and apoptosis, and inhibited tumor progression in melanoma [48] . However, the development, characterization and detailed testing of such nanoparticles goes beyond the scope of the current work. Table 3 . IC 50 values of DMAS against several non-tumorigenic cell lines (72 h of treatment, mean ± sem, n = 6). MRC-5: human lung fibroblasts; HEK-293: human embryonic epithelial cells; jFib: primary juvenile fibroblasts; aFib: primary adult fibroblasts. * Results previously reported in Reference [16] .
Cell Line
MRC-5 HEK-293 jFib aFib IC 50 value (µM) 2.4 ± 0.4 * 9.4 ± 1.4 1.8 ± 0.8 6.9 ± 1.1
Material and Methods
Isolation and Identification of DMAS
Roots of Onosma paniculata Bureau and Franchet (Boraginaceae) were acquired at the medicinal plant market in Kunming, China, and identified by genomic analysis of the ITS2 region of nuclear DNA, and trnL-F region of plastid DNA as reported previously [15] . DMAS was isolated and identified as previously reported in Reference [16] . In brief, freshly ground roots were extracted with petroleum ether by exhaustive Soxhlet extraction. DMAS was isolated by using preparative HPLC consisting of a Varian R PrepStar SD-1 (Agilent Technologies, Santa Clara, CA, USA) with Dynamax R solvent delivery system and an absorbance detector model UV-1, and by using a VDSpher 100 RP18 column (250 × 25 mm, 10 µm). The mobile phase was water (A) and acetonitrile (B) using the following gradient: 0−45 min: 70−100% B; 45−60 min: 100% B. DMAS was identified by NMR and CD measurements, as in Reference [16] . Out of 400 mg extract, 48.6 mg DMAS was isolated. Its purity was analyzed by HPLC and NMR and was >95%.
Cell Culture
WM164,
WM9, and SBcl2 cells were cultured in RPMI 1640 medium (Gibco, Invitrogen, Vienna, Austria) supplemented with 2% fetal bovine serum (FBS, Gibco) and 1% penicillin-streptomycin solution (Pen/Strep, Gibco ® ). HEK-293 cells were cultured in Dulbecco's Modified Eagle Medium: Nutrient Mixture F-12 (DMEM/F12, Gibco ® ), 2 mM L-glutamine, 10% FBS, and 1% Pen/Strep. Human juvenile and adult fibroblasts were kindly provided by Ass. Prof. Dr. Beate Rinner (Medical University of Graz), and cultured in Dulbecco's Modified Eagle Medium (DMEM), 2 mM L-glutamine and 10% FBS. All cells were kept at 37 • C in a humidified 5% CO 2 atmosphere and passaged at 90% confluence.
Sample Preparation for Microarray-Based Transcription Profiling
Three independent cell culture experiments were performed to obtain three biological replicates. Cultured WM164 cells were harvested by trypsinization and diluted to 400,000 cells/mL. From this cell suspension, 40 mL were seeded into a 175 cm 2 cell culture flask and grown overnight to allow the cell to adhere. Cells were then treated with 8.3 µM DMAS for 24 h, harvested by trypsinization, and washed twice with PBS (Gibco). Finally, the cell pellet was shock frozen in liquid nitrogen and stored at −80 • C before RNA was extracted. Vehicle-treated (0.5% DMSO) control cells served as reference cells.
RNA Extraction and RT-qPCR
Total RNA was extracted using Trizol according to the manufacturer's protocol (Invitrogen, Carlsbad, CA, USA). cDNA was synthesized using 1 µg total RNA and the RevertAid™ H Minus First Strand cDNA Synthesis Kit (Fermentas, Darmstadt, Germany). Real-time semi quantitative PCR (RT-qPCR) for GAPDH (QT00079247), PPIA (QT01006285), HPRT1 (QT00059066), DHFR (QT016687930), p62 (QT00095676), SRM (QT00013258), EPAS (QT00069587), NBL1 (QT01004794), PSMB2 (QT02505769), and PSMC4 (QT01006859) using commercially available primer assays (Qiagen, Hilden, Germany-ids are provided in brackets of each respective gene) was performed using an ABI Prism 7000 Detection system (Applied Biosystems, Foster City, CA, USA). PCR reactions were performed in triplicates of 20 µL each. Reaction mix contained 1× QuantiNova®SYBR Green PCR Kit (Qiagen), 1mM forward and reverse primer (Eurofins Genomic, Ebersberg, Germany) or 1x QuantiTect Primer Assay (Qiagen), 4 µL cDNA (diluted 1:20) and aqua bidest. up to 20 µL, respectively. GAPDH, PPIA, and HPRT, possessing a high correlation coefficient (Spearman rho > 0.85 and p < 0.05), served as housekeeping genes. Results were expressed as relative units based on the calculation of 2 −∆∆CT , giving the relative amount of target gene normalized to the endogenous control (geometric mean of the three housekeeping genes) and relative to a low cytoplasmic NR4A1 expressing DLBCL specimen. The cycling protocol included 34 cycles with 2 min activation at 95 • C, followed by a denaturation step for 5 s at 95 • C, and an annealing/extension step for 10 s at 60 • C. Melt curve analysis served to identify the different reaction products including nonspecific ones.
Microarray-Based Transcription Profiling
The human oligonucleotide probe set (MWG) with 29,550 50-mer DNA oligonucleotides enabled the detection of 15,539 distinct RefSeq mRNAs, as well as non-RefSeq-annotated transcripts (provided by the manufacturer). Lyophilized oligonucleotides (in 384-well plates) were spotted on epoxy-coated glass slides (Nexterion, Jena, Germany) as previously described in Reference [49] . To analyze the effects of DMAS on the transcriptome, 15 µg of total RNA of 3 biological replicates of WM164 cells treated with DMAS or DMSO (as control) were reverse transcribed to generate cDNAs with incorporated aminoallyl-Uridine. Labeling was performed with fluorescent, amino-reactive Cy5 and Cy3 dyes for 1 h. Labeled cDNA from DMAS-treated cells was combined with the respective labeled cDNA from DMSO-treated cells in hybridization buffer (50% formamide, 5 × SSC, 0.1% SDS), denatured (95 • C/3 min) and applied to the slide for hybridization (39 • C, >16 h). After washing and drying, slides were scanned with a GenePix 4000B microarray scanner (Axon Instruments Inc., Union City, CA, USA) at 10 µm resolution using GenePix Pro 4.1 software (Axon Instruments Inc.). The resulting TIFF images were used to generate raw data results, which were pre-processed to filter out low intensity, saturated, and inhomogenous spots. Furthermore, the raw data was background corrected, normalized by global mean and dye-swap pairs using ArrayNorm as in Reference [50] , and then exported as text-file containing log 2 transformed ratios of gene expression. Data visualization, as well as filtering for present values and differential expression, was conducted with Genesis software, as outlined in Reference [51] . The day 0 and day 9 datasets contained 5340 and 4515 features that were (i) associated with a RefSeq transcript and (ii) detected in 3 or 4 biological replicates, respectively. Only these transcripts were considered for further analysis. Then, 3021 distinct mRNAs were identified as transcribed in at least 2 of 3 biological replicates, with 1192 distinct mRNAs expressed in all 3 biological replicates.
Microarray Data Analysis
Pathway analysis was performed using significant differentially expressed genes. Enrichment was done employing ConsensusPathDB, as in Reference [18] looking in gene ontology GO [52] and pathways, as defined by all the databases. Parameters were set for humans using the HGNC symbol, with a minimum overlap of three genes and a p-value threshold of 0.01.
Western Blot
For autophagy investigations, 2 mL of a 150,000 cells/mL cell suspension (SBcl2, WM9, and WM164 cells) were seeded in each well of a 6-well plate and grown for 24 h to allow the cells to adhere. Afterwards, cells were treated with their respective previously determined IC 50 for 6 h or 24 h: SBcl2: 1.1 µM, WM9: 2.7 µM, and WM164: 8.3 µM, as described in Reference [16] . Vehicle-treated (0.5% DMSO) cells served as control. Simultaneously, each sample was in parallel treated with the autophagy inhibitors pepstatin A (10 µg/mL, Sigma Aldrich, St. Louis, MO, USA) and E64d (10 µg/mL, Sigma Aldrich), which blocked autophagic flux and inhibited the degradation of LC3B-II [26] . Whole cell protein extracts were prepared by treatment with lysis buffer (50 mM Tris-HCl pH 7.4, 150 mM NaCl, 50 mM NaF, 1 mM EDTA, 10% NP-40, 1% Triton-X, and protease inhibitors), subjected to SDS-PAGE (10 or 12%) and blotted onto the PVDF membrane (Roth, Karlsruhe, Germany). Primary antibodies against LC3B I-II and β-actin were purchased from Cell Signaling Technology (Cell Signaling Technology, Danvers, MA, USA). Blots were developed using a horseradish peroxidase-conjugated secondary antibody (Dako, Jena, Germany) at room temperature for 1 h and the Amersham™ ECL™ prime Western blotting detection reagent (GE Healthcare, Chicago, IL, USA), in accordance with the manufacturer's protocol. Chemiluminescence signals were detected with the ChemiDocTouch Imaging System (BioRad Laboratories Inc., Herkules, CA, USA) and images were processed with the ImageLab 5.2 Software (BioRad Laboratories Inc.). Each Western blot experiment was performed in three biological replicates using three different cell passages.
Immunofluorescence
Regarding fluorescence microscopy, 500 µL of a 100,000 cells/mL cell suspension (SBcl2, WM9, and WM164) were seeded into each well of culture slides (FALCON®4 chamber polystyrene vessel tissue culture treated glass slides; Corning Incorporated, Corning, NY, USA) and after 24 h of incubation, treated for another 24 h with the respective IC 50 of DMAS: SBcl2: 1.1 µM, WM9: 2.7 µM, and WM164: 8.3 µM in the presence and absence of the lysosomal protease inhibitors E64d and pepstatin A (10 µg/mL; both Sigma Aldrich) [26] . Afterwards, cells were washed with PBS, fixed with 4% formaldehyde in PBS for 15 min at room temperature and again washed with PBS. Subsequently, cells were permeabilized for 10 min at 4 • C with ice-cold methanol. Cells were blocked 5 min at room temperature with UltraVision Protein Block (Thermo Fisher Scientific, Waltham, MA, USA) and treated with the primary antibody against LC3B purchased from Cell Signaling Technology or rabbit-IgG (Linaris Biologische Produkte, Dossenheim, Germany), for negative controls overnight at 4 • C. After an incubation for 2 h at room temperature with Alexa Fluor ® 488-conjugated AffiniPure Goat Anti-Rabbit IgG secondary antibody (Jackson Immunoresearch, Suffolk, UK), nuclei were counterstained and slides were mounted with Vectashield Mounting Medium with DAPI (Vector Laboratories, Burlingame, CA, USA). Cells were stored in the dark and viewed at a 510 LSM Meta confocal microscope (Zeiss, Vienna, Austria) using excitation at 405 nm and detection with a BP 420-480 nm filter for the nuclear stain. Binding of the LC3B antibody was measured by excitation at a wavelength of 488 nm, and detection with a LP 505 nm filter. ZEN 2009 Software was used to capture and process images.
ROS-Glo™ H 2 O 2 Assay
The ROS-Glo™ H 2 O 2 Assay from Promega (Mannheim, Germany) was performed in accordance with the manufacturer's instructions. Specifically, 10,000 cells/well were seeded in white 96 well plates and grown for 24 h to allow the cells to adhere. Afterwards, medium was replaced by 75 µL RPMI medium, RPMI medium with 1 mM sodium pyruvate, or RPMI medium with 100 µg/mL (350 U/mL) catalase (Sigma-Aldrich) each containing 2% FBS and 1% Pen/Strep. Subsequently, 5 µL of test compound stock solution (DMAS or menadione as positive control) and 20 µL H 2 O 2 Substrate solution was added and incubated for 4 h. In addition, the amount of ROS was also measured in medium alone and medium plus test compound (without cells). Finally, 100 µL of ROS-Glo™ Detection Solution was added to each well, incubated for 20 min, and luminescence was recorded on a Hidex Sense plate reader (Hidex, Turku, Finland).
CellTiter-Glo ® Luminescent Cell Viability Assay
The CellTiter-Glo ® Luminescent Cell Viability Assay was purchased from Promega and performed in accordance with the manufacturer's instructions. In brief, 100 µL of 100,000 cells/mL were seeded in white 96 well plates and grown for 24 h to allow the cells to adhere. On the next day, medium was replaced by RPMI medium or RPMI medium containing 1 mM pyruvate, and DMAS was added in different concentrations (0.5 to 50 µM) for 72 h. Thereafter, the plate was equilibrated to room temperature for 30 min and 100 µl of CellTiter-Glo ® Reagent was added. The plate was mixed on an orbital shaker for 2 min and incubated at room temperature for another 10 min to stabilize the luminescent signal. Luminescence was then recorded on a Hidex Sense plate reader.
MITO-ID ® Membrane Potential Detection Kit
The MITO-ID ® Membrane potential detection kit was purchased from Enzo Life Sciences, Inc. (Lausen, Switzerland) and performed as recommended by the manufacturer. In brief, 20,000 cells in 100 µL medium were seeded in black 96 well plates and incubated for 24 h to allow the cells to adhere. The next day, medium was replaced by fresh RPMI medium with or without 1 mM pyruvate, and 100 µL of MITO-ID ® MP Dye Loading Solution was added for 30 min before DMAS or CCCP (positive control) was added as well. In both cases, fluorescence was measured using a Hidex Sense plate reader (Ex = 4 85 nm, Em = 590 nm).
XTT Assay
IC 50 values of DMAS against non-tumorigenic cells were determined using the cell proliferation kit II (XTT) (Roche Diagnostics, Mannheim, Germany; cat. no. 11 465 015 001) as reported previously in References [15, 16] , and in accordance with the manufacturer's instructions. Absorbance was recorded using a Hidex Sense Microplate Reader (Hidex, Turku, Finland).
Statistical Analysis
Microarray: In order to calculate changes in gene expression between vehicle-treated control and DMAS treated cells, differentially expressed genes were tested with a one-sample t-test (null hypothesis: log2[R/G] = 0), followed by a Benjamini-Hochberg correction for multiple testing to control the False Discovery Rate (FDR). Real-time RT-qPCR: Significant differences between the samples were calculated using the student's t-test in case of normal distribution, and the Mann Whitney U test in case of non-normally distributes expression values. IC 50 values: Values were calculated using SigmaPlot 13.0 (Systat Software Inc., Chicago, IL, USA), the four-parameter logistic curve, and at least two different cell passages each tested in three independent wells. Results were expressed as mean ± sem. p-Values < 0.05 were considered as statistically significant.
Conclusions
DMAS was previously found as the most active component of the roots of Onosma paniculata. In this study, we investigated the effects of DMAS on melanoma cells in more detail using a global transcriptome based approach. As a result, we found that DMAS favored catabolic processes indicating that the cells increase breakdown of (organic) substances. Sesquestome1 (p62) was identified as the gene with the strongest elevation in expression which is a central player in the process of autophagy. Therefore, we investigated in more detail if DMAS induces autophagy. DMAS increased the amount of the autophagy-associated protein LC3B-II, which is an indicator for autophagy induction. Furthermore, as ROS levels are often regulators of autophagy and the mitochondria the main intracellular source of ROS, we hypothesized that DMAS leads to ROS generation and the loss of mitochondrial membrane potential. Indeed, DMAS led to both: ROS generation and a decline in the mitochondrial membrane potential. Thereby, the effects were not significantly changed by adding extracellular ROS scavengers, such as sodium pyruvate, indicating that ROS is mainly generated within the cells. Nevertheless, DMAS also exhibited cytotoxicity towards different non-tumorigenic cells. The effects varied depending on cell type. To overcome this problem, smart-loaded nanoparticles could represent a future solution.
In summary, our results demonstrated that DMAS leads not only to apoptosis and cell cycle arrest as shown in our previous studies [16] , but also enhances autophagy. Therefore, a basic reason for the observed effects was the generation of ROS species, followed by a breakdown of the mitochondrial membrane potential. The autophagy mediated mode of cell death has previously been reported to be highly effective in melanoma treatment. 
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